thi4 mutants of Schizosaccharomyces pombe exhibit defective thiamine biosynthesis, and thi4 mutations define a gene which is believed to be involved in the phosphorylation of 4-amino-5-hydroxymethyl-2-methylpyrimidine or 5-(2-hydroxyethyl)-4-methylthiazole and/or in the coupling of the two phosphorylated precursors to thiamine monophosphate (A. M. Schweingruber, J. Dlugonski, E. Edenharter, and M. E. Schweingruber, Curr. Genet. 19:249-254, 1991). The thi4 gene was cloned by functional complementation of a thi4 mutant and physically mapped on the left arm of chromosome I close to the genetic marker gini. The thi4-carrying DNA fragment shows an open reading frame encoding a protein of 518 amino acids and a calculated molecular mass of 55.6 kDa. The appearance of thi4 mRNA is strongly repressed by thiamine and to a lesser extent by 5-(2-hydroxyethyl)-4-methylthiazole. thi4 mRNA production is under the control of the thil gene-encoded transcription factor and of the negative regulators encoded by genes tnrl, tnr2, and tnr3. thi4 is expressed and regulated in manners similar to those of other S. pombe genes involved in thiamine metabolism, including thi2, thi3, and pho4.
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Thiamine (vitamin B1) consists of a pyrimidine moiety and a thiazole moiety. The two halves of the molecule, 4-amino-5-hydroxymethyl-2-methylpyrimidine and 5-(2-hydroxyethyl)-4-methylthiazole, are synthesized by separate pathways. These precursors are further phosphorylated to hydroxymethylpyrimidine pyrophosphate and thiazole phosphate, and by the action of thiamine phosphate pyrophosphorylase, they are coupled to thiamine monophosphate (TMP), which is further converted to thiamine diphosphate (TDP) (for a review, see reference 22) . TDP is an essential cofactor for several enzymes, including transketolase, pyruvate dehydrogenase, pyruvate decarboxylase, and ot-ketoglutarate dehydrogenase (for a review, see reference 6). The biosynthetic pathway of TDP and its regulation are still poorly understood. In Escherichia coli, 11 genes are known to be involved in TDP biosynthesis (for a review, see reference 2). Five genes encoding kinases involved in TDP biosynthesis have been located at positions 10, 25, and 46 min of the E. coli genetic map. Five other genes of still unknown function in the synthesis of the pyrimidine and thiazole moieties map at position 90 min and possibly form an operon (21) .
To understand the biosynthesis of TDP and its genetic regulation in a eucaryotic organism, we are working with the fission yeast Schizosaccharomyces pombe. In this organism, thiamine is not only essential for growth but also acts as a regulator of mating (19) . Three loci encoding thiamine biosynthetic genes have been identified so far in this organism (17) . thi2 and thi3 (allelic to nmtl) are involved in the synthesis of the thiazole and pyrimidine moieties, respectively. The thi4 gene is defined by mutants that require thiamine but do not grow in the presence of 4-amino-5-hydroxymethyl-2-methylpyrimidine and 5-(2-hydroxyethyl)-4-methylthiazole. Its their expression has been shown to be repressed by thiamine (13, 18a, 23) . At least four regulatory genes, thil, tnrl, tnr2, and tnr3 are responsible for the regulation of thi2, thi3, and pho4. pho4 is also repressed by thiamine and believed to code for a thiamine phosphate phosphatase (17, 18, 20, 23 (17) . The supplements 4-amino-5-hydroxymethyl-2-methylpyrimidine and 5-(2-hydroxyethyl)-4-methylthiazole (sometimes just referred to as pyrimidine and thiazole moiety) were kindly supplied by Gerard Moine, Hoffmann-La Roche, Basel, Switzerland.
Molecular cloning. The partial Sau3A genomic library ligated in the shuttle vector pFL20 (11) described previously (4) and provided by Louise Clarke (Santa Barbara, Calif.) was used to clone the thi4 gene. Strain thi4-4 ura4-D18 h-was transformed by the alkali cation method (10) and plated on MMA. The growing Ura+ colonies were replica plated on MMA. By this second transfer to MMA, accumulated intracellular thiamine is exhausted, and only thiamine prototrophic colonies are able to grow. Plasmids recovered from transformants were propagated in E. coli XL1-blue (3). Standard methods were used for restriction endonuclease digestion, ligation, and transformation in E. coli (15) . Enzymes were purchased from Boehringer Mannheim.
Genetic techniques and physical mapping. Standard genetic techniques for S. pombe have been described elsewhere (8) . Genes thi2, thi3, and thi4 were physically mapped by using P1 and cosmid libraries covering the complete S. pombe genome (9, 12) . Gene ura4 was taken as a known reference probe. Nylon filters spotted with the genome fragments were kindly provided by Elmar Maier (Imperial Cancer Research Fund, London, England) and hybridized with the probes mentioned above as previously described (9) . The probes used to map thi2 and thi3 were the 1.8-kb SalI-ClaI fragment given in Fig Northern (RNA) blot analyses. Cells were grown in MM and MM supplemented with 1 puM thiamine, 3.6 puM 5-(2-hydroxyethyl)-4-methylthiazole, or 3.6 ixM 4-amino-5-hydroxymethyl-2-methylpyrimidine to an A595 of 0.9 to 1.1. Total RNA was extracted, separated by the glyoxal method, blotted, and hybridized as previously described (18) .
DNA sequencing. DNA sequences were determined from denatured, double-stranded templates by the dideoxy-chain termination method (16) GenBank/EMBL database search revealed that the 223 N-terminal amino acids of the Thi4 protein show significant sequence homology with the whole ThiE protein ofE. coli (21) . This protein has an unknown function in the synthesis of 5-(2-hydroxyethyl)-4-methylthiazole. The sequences exhibit 26.4% identity and 52.4% similarity (Fig. 3) . The meaning of this homology is not clear. In catalyzing an unknown reaction in the synthesis of the thiazole moiety of thiamine (21) Regulation of thi4 expression. We examined the expression of the thi4 gene in response to thiamine and its biosynthetic precursors. RNA extracted from wild-type strain 972 h-grown in MM and MM supplemented with thiamine, 4-amino-5-hydroxymethyl-2-methylpyrimidine, or 5-(2-hydroxyethyl)-4-methylthiazole was subjected to Northern blot analysis by using the 0.8-kb PvuII fragment (Fig. 1) as a probe. Repression of thi4 expression by thiamine is strong (Fig. 4) . 
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1501 AATAGGAATCACAGGTCTGCGAAAAATTCTTGAACATGTTTCTAAAATGCATTGTCAACTTGGTACAGTGGCAATTGCTGGTTTGAACTCATCGAATATC 1600 To examine whether thi4 expression is under the control of magnitude as that of thi2 and thi3 (our unpublished results).
Q R V I Y L S E A N G K R I D G I A L V S A I M C S I T P R E T -
the regulatory genes tnrl, tnr2, tnr3, and thil, RNA from thi3 (nmtl) is one of the most strongly expressed genes known representative strains grown in the presence and absence of so far in S. pombe, its expression being about six times higher thiamine was extracted and probed for thi4 RNA (Fig. 5) . The than that of the strongly expressed adh gene (1 Sequence identities are indicated by vertical bars, strong similarities are indicated by two dots, and weak similarities are indicated by one dot. The two sequences were aligned by using the program BESTFIT; the gap weight was 3.0, and gap length weight was 0.1. and tnr3 mutants, repression of thi4 by thiamine is clearly impaired. In thii mutants, thi4 mRNA is repressed; a weak thi4 band is visible in the absence of thiamine only if the blot is overexposed.
Taken together, the expression studies from the genes thi2, thi3, thi4, and pho4 illustrate that thiamine metabolism, and in particular thiamine biosynthesis, is highly regulated in S. pombe. Recently, a strong regulation of a thiamine biosynthetic gene has also been demonstrated in Saccharomyces cerevisae (14) , indicating that tight genetic regulation of thiamine biosynthesis in eucaryotic organisms is not S. pombe specific. Regulation of thiamine biosynthesis may be important not only for economic reasons for the cell but also for metabolic control. Thiamine being involved as a cofactor (in the form of TDP) of enzymes in the citric acid cycle, glycolysis, and the pentose phosphate cycle, these pathways can potentially be coordinately controlled by the levels of intracellular thiamine. The studies further show that in addition to the common regulation observed by thiamine and the regulatory genes thil, tnrl, tnr2, and tnr3, expression of the genes thi2, thi3, thi4, and pho4 is also to some extent individually regulated. For example, thi2 and thi3 are more strongly repressed by thiamine and thil mutations than pho4 and thi4, and pho4 is regulated only by thiamine, whereas thi2 and thi4 are also slightly repressed by the thiazole moiety and thi3 by the pyrimidine moiety (18, 23; unpublished results 5 . Northern blot analysis of thi4 mRNA in tnrl, tnr2, tnr3, and thil mutants. tnrl, tnr2, and tnr3 mutant strains were grown in MM (-) and MM containing 1 p.M thiamine (+). th-i-as a thiamine auxotroph was grown in MM containing 40 nM thiamine (-) (this is a nonrepressing concentration but allows growth) and in MM containing
